We evaluated the outcomes and associated prognostic factors in 233 patients undergoing allogeneic hematopoietic cell transplantation (HCT) for primary myelofibrosis (MF) using reduced intensity conditioning (RIC). Median age at HCT was 55 years. Donors were: matched sibling donor (MSD), 34%; HLA-well-matched unrelated donors (URD), 45%; and partially/ mismatched URD, 21%. Risk stratification according to Dynamic International Prognostic Scoring System (DIPSS): low, 12%; intermediate-1, 49%; intermediate-2, 37%; and high, 1%. The probability of survival at 5-years was 47% (95% CI 40-53). In a multivariate analysis, donor type was the only independent factor associated with survival. Adjusted probabilities of survival at 5-years for MSD, well matched URD and partially matched/mismatched URD were 56% (95% CI 44-67), 48% (95% CI 37-58), and 34% (95% CI 21-47), respectively (p=0.002). Relative risks (RR) for NRM for well-matched URD and partially matched/mismatched URD were 3.92 (p=0.006) and 9.37 (p<0.0001), respectively. A trend towards increased NRM (RR 1.7, p=0.07) and inferior survival (RR 1.37, p=0.10) was observed in DIPSS-intermediate-2/high-risk patients compared to DIPSS-low/intermediate-1 risk patients.
Introduction
Primary Myelofibrosis (MF) is a clonal stem cell disorder characterized by cytopenias, splenomegaly, marrow fibrosis, and systemic symptoms due to elevated inflammatory cytokines. Allogeneic hematopoietic cell transplantation (HCT) is the only known curative treatment option for MF. Full-intensity conditioning (FIC) in older patients with MF is associated with high rate of non-relapse mortality (NRM) restricting the use of this option to younger and fitter patients. 1 Reduced intensity conditioning (RIC) is increasingly used in patients with MF as shown by the reporting trends from the Center for International Blood and Marrow Transplant Research (CIBMTR). 1 The outcome of HCT is usually determined by a complex interaction between various patient-, disease-, and transplant-related variables. Although potentially curative, HCT in MF is associated with significant risk of morbidity and mortality. Therefore, it is important to understand the factors associated with outcomes to determine which patients are likely to benefit from this approach. Prior studies evaluating the prognostic factors in MF patients undergoing HCT reported conflicting results. [2] [3] [4] [5] [6] The reasons for these discrepant results are probably related to heterogeneity of the disease and patient populations, and small sample sizes lacking statistical power; and thus inability to analyze these factors in multivariate analysis.
Our understanding of natural history of primary MF has significantly improved with the evolution of new prognostic systems. The prognostic systems are important tools for assessing the risk of mortality associated with the disease; and therefore can be useful in determining the candidacy for HCT. Lille-score is the conventional prognostic scoring system, and divides patients into low-, intermediate-, and high-risk categories. 7 International Prognostic Scoring System (IPSS) was recently developed by International Working Group of Myelofibrosis Research and Treatment. 8 Five independent risk factors at diagnosis, age >65 years, hemoglobin <100g/L, WBC count >25 × 10 9 /L, circulating blasts >1%, and presence of constitutional symptoms, were predictive of shorter survival in patients with primary MF. The presence of 0,1,2 and ≥3 factors are categorized as low-,intermediate-1-, intermediate 2-, and high-risk disease with a median survival of 135, 95, 48 and 27 months, respectively. The risk factors for IPSS were also validated in a time dependent fashion known as dynamic IPSS (DIPSS). 9 DIPSS is used to assess the risk of mortality anytime during the disease course. Further refinement of DIPSS was proposed by incorporating cytogenetics, transfusion dependency and thrombocytopenia creating the DIPSS plus scoring system. 10 DIPSS has largely replaced Lille score in assessing the risk of mortality in primary MF.
The utility of new scoring systems in predicting the outcomes of patients undergoing RIC transplantation is not well understood. Two recent studies reported that post-HCT success was dependent on pre-HCT DIPSS scores. 6, 11 A large proportion of patients received FIC in these studies. Another study from the European Blood and Marrow Transplant (EBMT) group reported that DIPSS although predictive, did not sufficiently differentiate between intermediate-1 and intermediate-2 risk populations in patients undergoing RIC HCT for MF. 2 Additionally, a variety of RIC regimens with varying intensity have been used in MF. 4, [12] [13] [14] [15] [16] Superiority of one regimen over other is not established. The impact of other transplantrelated factors such as conditioning regimen, donor type, and GVHD prophylaxis is not well studied in the RIC setting. Therefore, the Chronic Leukemia Working Committee of the CIBMTR sought to determine the outcomes of patients with primary MF undergoing HCT using RIC, and analyzed the impact of patient, disease and transplant related factors on outcomes.
Methods

Data Source
The CIBMTR is a combined research program of the Medical College of Wisconsin and the National Marrow Donor Program. CIBMTR comprises a voluntary network of over 450 transplantation centers worldwide that contribute detailed data on consecutive allogeneic and autologous HCT to a centralized statistical center. Observational studies conducted by the CIBMTR are performed in compliance with all applicable federal regulations pertaining to the protection of human research participants. Protected Health Information used in the performance of such research is collected and maintained in CIBMTR's capacity as a Public Health Authority under the HIPAA Privacy Rule. Additional details regarding the data source are described elsewhere. 17 
Patient populations
We identified adult patients >18 years, receiving a first allogeneic transplant for primary MF from a related or unrelated donor between 1997 and 2010 using a RIC regimen. The intensity of conditioning regimen was defined as per CIBMTR consensus criteria. 16 Patients whose disease had progressed to acute myeloid leukemia prior to HCT were excluded. Additional exclusion criteria included: syngeneic transplants, cord blood transplants, haploidentical transplants, and in-vitro T-cell depleted grafts. Unrelated donor (URD) transplant recipients were classified based on available HLA typing as previously described. 18 
Prognostic scoring systems
Risk stratification according to DIPSS score was calculated at the time of HCT. 9 DIPSS-risk categorization could not be determined in 3 patients (<1%) due to missing data. Because of missing cytogenetics in 36% of the patients, we were not able to evaluate DIPSS plus in this study.
Cytogenetics
Results of cytogenetics testing were reviewed as provided by the transplantation center, and classified as normal karyotype and abnormal karyotype. Abnormal karyotype was further sub-divided as unfavorable and other abnormalities. Unfavorable cytogenetics was defined as previously described and included: complex abnormalities (≥3) or single or two abnormalities including +8, −7/7q-, i(17q), −5/5q-, 12p-, inv(3) or 11q23 rearrangements. 10 
Endpoints
The primary end point of the study was overall survival (OS). Other end points of interests were hematopoietic recovery, acute graft-versus-host disease (aGVHD), chronic graftversus-host disease (cGVHD), relapse/progression, non-relapse mortality (NRM), and progression-free survival (PFS). OS was defined as time from HCT to death from any cause, and patients were censored at the last follow-up. Relapse/progression was reported by the transplant centers, and NRM was considered a competing event. NRM was defined as death within the first 28 days of transplant from any cause or death without evidence of disease progression/recurrence; relapse/progression was considered a competing event. PFS was defined as time to treatment failure (death or relapse/progression). For relapse/progression, NRM, and PFS, patients alive in continuous complete remission were censored at last follow-up. Hematopoietic recovery was defined as time to absolute neutrophil count (ANC) > 0.5 × 10 9 /L sustained for three consecutive days and time to achieve a platelet count of >20 × 10 9 /L independent of platelet transfusions for 3 consecutive days. Acute and chronic GVHD were diagnosed and graded according to consensus criteria. 19, 20 
Statistical methods
Univariate probabilities of OS and PFS were calculated using the Kaplan-Meier estimator; the log-rank test was used for univariate comparisons. Probabilities of hematopoietic recovery, aGVHD, cGVHD, NRM, and relapse/progression were calculated using cumulative incidence curves to accommodate competing risks. Potential risk factors for OS, NRM, relapse and PFS were evaluated in multivariate analyses using Cox proportional hazards regression. The proportional hazards assumption was tested.
Step-wise selection procedure was used to select significant covariates. Factors significantly associated with the outcome variable at a 5% level were kept in the final model. All p-values were two-sided. First order interactions between the main effect and significant covariates were tested. An analysis evaluating the impact of aGVHD/cGVHD as time dependent covariates on survival, NRM, relapse/progression, PFS was conducted. Adjusted 5-year survival probabilities were estimated through the direct adjusted survival curves estimation method. 21 SAS software, version 9.3 (SAS Institute, Cary, NC) was used in all analyses.
Variables considered in the multivariate analysis
The following patient, disease and transplant related factors were included in the multivariate model: patient age in years (≤40 vs. 41-60 vs. >60), gender, Karnofsky performance scores (<90 vs. ≥90), DIPSS (low/Intermediate-I vs. Intermediate-II/high), platelet count (<100 × 10 9 /L vs. ≥100 × 10 9 /L), spleen status (normal spleen vs. 
Results
Patient, disease and transplantation characteristics
A total of 233 patients from 83 transplantation centers met the study eligibility criteria: 79 patients received HCT from MSD, and 154 from URD. Among the URD transplant recipients, 104 (67%) were HLA-well-matched with their donors and 50 (33%) were partially/mismatched. Median age at HCT was 55 years (range, 19-79), and 64 patients (27%) were >60 years. Median follow-up of survivors was 50 months (range, 3-134 months). Completeness index of follow-up for the study population at 3 and 5 years was 94% and 90%, respectively. 22 Baseline patient, disease, and transplantation characteristics of the study patients are listed in Table 1 
Transplantation outcomes
Primary end point: overall survival-The probability of OS at 5-years was 47% (95% CI 40-53, Table 2 , Fig 1) . In a multivariate analysis, donor type was the only independent factor associated with survival with a RR of 1.57 (95% CI 1.01-2.46) for well-matched URD and 2.48 (95% CI 1.51-4.04) for partially matched/mismatched URD (Table 3) . Adjusted probabilities of survival at 5-years for MSD, well matched URD and partially matched/mismatched URD were 56% (95% CI 44-67), 48% (95% CI 37-58), and 34% (95% CI 21-47), respectively (p=0.002) (Fig 2) .
Although not statistically significant, there was a trend in lower overall mortality between DIPSS low/intermediate-1 risk vs. DIPSS intermediate-2/high-risk disease (RR 1.37, 95% CI 0.95-1.98, p=0.10) ( Table 3 ). Adjusted probabilities of survival at 5 years for low/ intermediate-1 and intermediate-2/high-risk disease were 51% (95% CI 42-59) and 41% (95% CI 30-52), respectively (Fig 3) . The conditioning regimen was not significantly associated with OS (Table 3) . However, when individual conditioning regimens were compared against each other FluMel-based regimen had a trend towards lower mortality compared to FluBu based regimen (RR 0.63, p=0.06). Adjusted probabilities of survival at 5-years according to conditioning regimen were: FluMel-based, 59% (95% CI 32-59); FluTBI-based, 46% (95% CI 32-59); FluBu-based, 41% (95% CI 28-53); and others, 28% (95% CI 8-47) (Fig 4) .
Secondary end points
Hematopoietic recovery: The cumulative incidence of neutrophil recovery at 28 days and 100 days was 84% (95% CI 78-88) and 97% (95% CI 92-99%), respectively ( Table 2 ). The corresponding values for platelet recovery at day 28 and day 100 were 47% (95% CI 40-53), and 77% (95% CI 70-82), respectively. There was no significant difference in neutrophil (log-rank p=0.52) or platelet recovery (log-rank p=0.87) according to donor type.
Acute and chronic GVHD:
The cumulative incidence of grade II-IV and grade III-IV aGVHD at 100 days was 37% (95% CI 30-43) and 19% (95% CI 15-25), respectively ( Table 2 ). The cumulative incidence of cGVHD at 5 years was 51% (95% CI 44-58) ( Table  2) . In a multivariate analysis, URD transplants had significantly higher (p=0.02) risk of acute GVHD and RR for well-matched URD and partially matched/mismatched URD were 1.98 (95% CI 1.21-3.22, p=0.006) and 1.52 (95% CI 0.82-2.80, p=0.18) compared to MSD transplants (Table 3 ). No differences in chronic GVHD were observed in different donor types (p=0.33) ( Table 3 ).
The impact of aGVHD/cGVHD on transplant outcomes was evaluated (Supp Table) . Patients who developed "acute GVHD, but no cGVHD" had significantly higher NRM, and lower relapse/progression compared to "no acute or chronic GVHD" group. No differences on PFS or survival were observed.
NRM, relapse/progression and PFS:
At 5-years, the cumulative incidence of NRM and relapse/progression at 5-years was 24% (95% CI 18-31) and 48% (95% CI 42-55), respectively and probability of PFS was 27% (95% CI 21-34) (Table 2, Figure 1) . In a multivariate analysis, donor type was independently associated with higher NRM (p<0.0001), and RR of NRM were 3.92 (95% CI 1.48-10.32, p=0.006) and 9.37 (95% CI 3.4-25.16, p<0.0001) ( Table 3 ). The causes of death according to donor type are shown in figure 5 . The main causes of NRM were GVHD, infections and organ failure and all these complications were higher in partially matched/mismatched URD (Fig 5) . There was a trend towards higher NRM in DIPSS int-2/high risk category (RR 1.70, 95% CI 0.96-3.01, p=0.07) ( Table 3) . No impact of donor type was observed in relapse/progression, however unexpectedly, we found that patients with DIPSS-Intermediate-2/high-risk had lower risk of relapse compared to low/intermediate-1 risk patients (RR 0.65, 95% CI 0.42-0.98, p=0.04) ( Table 3) . Donor type had significant impact on PFS (p=0.03) and PFS was significantly inferior for partially matched/mismatched URD. RR for PFS for well-matched URD and partially matched URD/mismatched URD were 1.17 (95% CI 0.80-1.69, p=0.42) and 1.75 (1.14-2.68, p=0.01), respectively (Table 3) . DIPSS risk category had no impact on PFS (p=0.55)
Impact of cytogenetics:
In an exploratory analysis, we evaluated the impact of cytogenetics on survival after adjusting for donor type. Patients with unfavorable cytogenetics had nearly two-fold mortality compared to normal karyotype (RR 1.98, 95% CI 1.16-3.38). There was no significant difference between patients with normal karyotype and those who had abnormalities other than unfavorable (RR 1.4, 95% CI 0.78-2.5).
Discussion
This report represents the largest international multi-center experience of reduced intensity transplantation in patients with primary MF, and reinforces the curative potential of RIC transplantation in patients with MF. Recently published studies, where patients primarily underwent FIC regimens, have shown the impact of higher DIPSS scores on survival of patients with MF. 6, 11 In our study, a trend towards increased NRM (p=0.07) and inferior survival (p=0.10) was observed in DIPSS-intermediate-2/high-risk patients compared to DIPSS-low/intermediate-1 risk patients. It is noteworthy that there were very few patients with DIPSS-low risk and DIPSS-high risk category in our study, so the main measured effect in our study is between DIPSS-Intermediate 1 and DIPSS-Intermediate 2. Another multi-center study from Germany evaluated prognostic factors in 150 patients undergoing RIC transplantation for MF, and reported that DIPSS discriminated poorly between intermediate-1 and intermediate-2 risk patients. The discrepancy between previously reports, and the current study is the result of a number of factors; a considerable one being dissimilar study populations. 2, 6, 11 The current study was restricted to primary MF patients, whereas approximately 40% of patients reported in previous studies included patients with post ET/ post PV-MF. It is noteworthy that various risk stratification systems are derived from patients with primary MF 7-10 , and have not been validated for secondary MF. About 70-85% of patients in previously reported studies were treated with FIC. 6, 11 The sample size of the current study is significantly larger compared to contemporary studies; though there were very few patients with DIPSS-high-risk disease. A study from Germany reported that wild type JAK2, age ≥57 years and constitutional symptoms were all associated with inferior survival. 2 Age was not found to have an independent prognostic impact in the current study in a patient population undergoing RIC transplantation. The prognostic significance of JAK2 mutation could not be analyzed as a result of missing data regarding JAK2 mutation status on a large proportion of patients.
Perhaps, one of the most important findings of the current study is the independent adverse impact of donor type on NRM and survival. Mortality risk associated with well-matched URD and partially matched/mismatched URD were significantly higher when compared to MSD transplants. A prospective RIC study using FluBu-based conditioning reported similar outcomes with MSD and well-matched URD, whereas results were inferior for a small number of patients with mismatched URD. 12 Preliminary results of another prospective study from the Myeloproliferative Diseases-Research Consortium (MPD-RC) using FluMel-based conditioning described significantly inferior outcomes of URD transplants. 15 This finding is of important clinical value as the optimal timing of transplant has been a matter of debate with wider availability of JAK1/2 inhibitor therapy. 1 One may consider reserving the option of partially matched/mismatched URD transplantation at the failure of JAK inhibitor therapy, whereas HCT may be considered earlier in the disease course in patients with suitable MSD regardless of response to JAK1/2 inhibitor therapy.
The optimal RIC conditioning regimen in patients with MF is not known. In the current study, patients with FluMel-based regimens appeared to have a trend towards better outcomes when compared to FluBu-based regimens or other regimens. Caution is needed in the interpretation of these results, as there is heterogeneity of the doses of the cytotoxic agents in these regimens. These finding needs to be further confirmed in well-designed prospective studies. We did not find an independent adverse impact of either thrombocytopenia 23 or splenomegaly 24 and no beneficial impact of pre-transplant splenectomy as found in previous reports. 6 Our study also highlights the high rate of relapse/progression noted after RIC transplantation. Unexpectedly, we found a lower risk of relapse in DIPSS-intermediate-2/ high risk category. This finding has to be interpreted with caution. As described in the method section, relapse/progression was analyzed as reported in the CIBMTR forms by the transplant center. CIBMTR forms do not collect detailed information on the basis of relapse/ progression. There is no consistent definition of relapse/progression in MF patients. International working group for MPN research and treatment (IWG-MRT) have tried to define response criteria for use in clinical trials. There are no published reports of use of these criteria in BMT patients, and these are hard to apply in retrospective registry studies.
This study has inherent limitations that could influence the data interpretation. Although the sample size of this study, is significantly larger compared to prior reports, is still relatively small. These transplants were done in a time period before the wide availability of JAK1/2 inhibitor therapy. It is uncertain how the wider availability of JAK1/2 inhibitor therapy will influence the field of transplantation for MF, especially the optimal timing. Given that JAK1/2 inhibitor therapy is neither curative nor decreases the risk of leukemic transformation, HCT will continue to remain an important treatment option for suitable patients. Nevertheless, the findings are relevant in modern clinical practice, and demonstrate the curative potential of RIC transplantation in a multi-center setting. The findings of increased mortality associated with partially/matched or mismatched URD further helps in defining the positioning of HCT in the emerging therapeutic options for MF.
In conclusion, RIC HCT is a potentially curative option for some patients with MF. Donor type is the most important factor predicting survival after RIC HCT for MF. Future prospective trials are needed to determine the preferred RIC regimen.
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